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GENERAL

RF transceivers are a common building block in many communication systems. In most
applications, where RF transceivers are used, the repeated signal spectral quality is a major
concern.

In order to ensure a high quality signal, all the local oscillators in the transceiver must have
excellent phase noise performance. However, when using the same local oscillator to down-
convert and up-convert the signal, the phase noise of the local oscillator is cancelled to some
extent. This phase noise cancellation phenomenon is true only where the receive signal
frequency and transmit signal frequency are the same or at least very close.

Theoretically, perfect cancellation is achievable. However, in real life some delay exists
between the down-converter and up-converter which, as will be shown in this paper, degrades
the level of the phase noise cancellation. Transceiver designers know that they should minimize
this delay but to what extent is not clear.

The goal of the work presented here is to find the relation between the value of the delay and the
level of the phase noise cancellation. The subject is studied for both white-noise and colored-
noise distributions. Analytic and numerical analyses are used to predict the level of phase noise
cancellation. Sample measurements are taken and compared to the analytical and numerical
results.
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RF TRANSCEIVER

For the purpose of this work we shall define an RF Transceiver as:

e A device that receives a signal and retransmits it with some or no frequency shift.
e The RF Transceiver is frequency coherent.

Examples of such transceivers could range from commercial applications such as satellite
communication and cellular repeaters and up to military applications such as guided missile
systems, smart bombs and radar repeaters.
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Figure 2. Military Applications for Transceivers
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WHY IS PHASE CANCELLATION SO IMPORTANT?
High quality signals with superior phase noise are needed for:

e High speed data communication
e Highly accurate location measurement

High quality frequency sources are very expensive. The signal quality of any frequency source
is very sensitive to environmental conditions such as shocks, vibrations and temperature
variations.

If the phase noise of the local oscillator in an RF transceiver is cancelled out, the electrical
requirements from the oscillator could be reduced.

RF TRANSCEIVER MODEL
The model shown in figure 3 is used to simulate the phase noise performance of the RF
Transceiver.

Noisy IF Signal

RF Signal with
cancelled PN

(

High Quality RF 0 ———— Noisy Source

Sianal

Figure 3. RF Transceiver Model

It is assumed that a received RF signal is a perfect sine wave and has no phase noise. The RF
signal is down-converted to IF frequency using a noisy LO. The IF signal has the same phase
noise properties as the noisy LO. After filtration and other signal processing the IF signal is up-
converted using the same LO. Since the LO in both down and up-conversion is the same, the
phase noise contribution of the LO is expected to be cancelled out.

NARROWBAND FM CASE

Mathematical Formulation

In this case the LO is assumed to be frequency modulated by a sine wave. This case is
applicable where there are noises over power supply lines that modulate the LO or in cases of
vibrations where some mechanical resonance frequency may modulate the LO. It is assumed
that the frequency deviation of the LO is very small and therefore this case is called NB-FM.

elisracss.
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The general FM signal may be represented as:
X(t) = Cos(w, - t +B-Cos(w,, - t))

But in the NB-FM case we can use some approximations:
B—0
X(t) = Cos(w, -t)+Sin(w, - t)-B-Cos(w,, - t)

X(t) = Cos(o, )+— B-Sin[(w, +,, )-t ]+— B-Sin[(w, —w,, )-t]
SideBand[dBc] = 20- Log[ j

So we can see that in this case the noisy LO spectrum is made of the fundamental (carrier)
frequency o, with two small side-band frequencies. Each is ®,, away from the carrier.

Some delay is introduced:

tot-=

The two signals are mixed and the new sideband is formulated (see appendix for complete
mathematical derivation):
o, -rj
2

In comparison to the original sideband level, the cancellation is:
NewSideBand[dBc] = OriginalSideBand[dBc] +6dB + 20- Log(Sin(z - f,, - 7))

SideBand[dBc] = 20- Log(B-Sin(

This formula is shown in figure 4. For small delays or for small frequency offsets, the
cancellation decreases by 20 dB per decade as the delay of offset frequency increases.

elisra:

Microwave Di




45070413-EAN

Elisra Proprietary Data

Phase Moise Cancelation as a function of Time Delay (MBFM Case)
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Figure 4. Cancellation vs. Delay in the NB-FM Case

Numerical Simulation
Using the model shown in figure 3 and simulation software (Simulink™), the input and output
spectrum of the transceiver was compared. A typical case is shown in figure 5.

elisracss.
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Signals after first mixing (blue) and after second mixing (red). Cancellation = 16.9 dB
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Figure 5. Input and Output Spectrum of the Transceiver for the NB-FM Case

The delay between the mixers was then varied and the measured cancellation was plotted over
the theoretical curve. The results shown in figure 6 demonstrate the perfect match of simulation
to theory.
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Sirmulated Results () on Theoretical Curve
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Figure 6. Simulated Cancellation for the NB-FM Case

Measured Results
Using some off-the-shelf components, a basic transceiver was realized. Some discrete delay-

lines were introduced between the mixers. An FM modulated synthesizer was used as the noisy
LO.

For each value of delay, several modulation frequencies were selected and the cancellation was
measured. The measured cancellation was plotted over the theoretical curve. The results shown
in figure 7 demonstrate good matching of measured results to the theory. The results could be
further improved by better calibration of the test setup.
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Measured Results (*) on Theoretical Curve
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Figure 7. Measured Cancellation for the NB-FM Case

WHITE NOISE CASE

Mathematical Formulation

The noisy signal is modeled with Wiener phase noise distribution and its PSD (Power Spectral

Density) is given by:

2
()

SLo((D) ="
) 2
—+o
4

Where the two-sided 3 dB bandwidth is:

2
(@

BWSdB = 2_n

The PSD of the Weiner phase noise is shown in Figure 8.

ellsra:;
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Power Spectral Density of Wiener Noise
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Figure 8. Weiner Phase Noise Distribution

When some delay is introduced:

tot-7

The two signals are mixed and the new PSD is calculated (see appendix for full mathematical
derivation):

—o?t -1 ) ) 262
m' [—G 'COS(O)T)+O)'S|”(O)'C)]+ (54 N (02

S, (@) = e -0(w) — 2¢ -Sin((or)+

In the zero-delay case the above equation is reduced to:
Spew (@) = 8(w)

This means that perfect cancellation as expected.

In the infinite delay case the above equation is reduced to:

202
S, . (o) =
new ( ) 64 n (02

This means that at high frequencies the offset of the phase noise is doubled (3 dB increase). This
Is expected since with infinite delay the two noisy LO signals are not correlated anymore and
they add up to give a 3 dB increase in the phase noise. The new PSD for this case is shown in
figure 9.
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Power Spectral Density of Canceled PN with Wiener Noise model; Delay=1.0e-002 Seconds
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Figure 9. PSD in the Case of Infinite Delay

In the general case where some delay is introduced, the full equation must be used as shown in
figure 10. In this case, close to the carrier, there is good cancellation. However, as the offset
frequencies become larger, the cancellation does not work any more and output phase noise

follows the LO phase noise with small variations.
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Power Spectral Density of Canceled PM with Wiener Moise model; Delay=2.5e-004 Seconds
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Figure 10. PSD for White Noise Case with Some Delay

In order to better understand the general case, the delay is swept while observing the phase noise
cancellation at a specific frequency offset point. Such as observation point is marked by a green
circle, in figure 10. The results of the delay sweep are shown in figure 11. For small delays or
for small frequency offsets, the cancellation decreases by 20 dB per decade as the delay of offset

frequency increases. This is very similar to the NB-FM case.
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Phasge Noige Cancelation as a function of Time Delay (Weiner MNoise Case)
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Figure 11. Delay Sweep for the White Noise Case

Numerical Simulation
Using the model shown in figure 3 and simulation software (Simulink™), the input and output

spectrum of the transceiver was compared. The cases of negligible delay, large delay and typical
delay are shown in figures 12, 13 and 14 respectively.
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Modulated Signal in Frequency Domain (Diff=37.7 dB) Simulation
=1.0e- LO=1. L RF=7. , IF=3.0e+005 Hz Result
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Figure 12. Simulation Results for the White Noise Case with Negligible Delay

Modulated Signal in Frequency Domain (Diff=-4.5 dB)
Delay=1.0e-003 Sec. LO=1.0e+006 Hz, RF=7.0e+005 Hz, IF=3.0e+005 Hz
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Figure 13. Simulation Results for the White Noise Case with Large Delay
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Figure 15. Simulation Results for the White Noise Case with Delay Sweep

Figure 14. Simulation Results for the White Noise Case with Typical Delay
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A delay sweep plotted in figure 15 is a simulation for various delay values. Since the simulation
IS quite time consuming the resulting curve is only a rough approximation of the theoretical

curve.
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Measured Results

Using the same off-the-shelf components, a basic transceiver was realized. Some discrete delay-
lines were introduced between the mixers. The noisy LO was constructed by using a free-
running VCO.

For each value of delay, several modulation frequencies were selected and the cancellation was
measured. The measured cancellation was plotted over the theoretical curve. The results shown
in figure 16 demonstrate a good match of measured results to the theory. The results could be
farther improved by better calibration of the test setup.

Phase Noise Cancelation as a function of Time Delay (Weiner Noise Case) - Measured Results
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Figure 16. Simulation Results for the White Noise Case with Delay Sweep

CONCLUSIONS

e The upper limit is 3 dB/6 dB for White Noise or 6 dB for Colored Noise

e The lower limit is the system’s noise floor

e The cancellation improves with a 20 dB/decade slope as the delay decreases.
The two cases that were studied are shown in figure 17.
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Phase Moise Cancelation as a function of Time Delay NBFM (red) adn Weiner Moise (blue)
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Figure 17. Phase Noise Calculation for the NB-FM and Weiner Noise Cases
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DEDICATION
This application note is dedicated to the memory of Avi Elbaz, who passed away in February
2007.

Avi was a practical engineer at the Elisra Microwave Division for many years. He became a
center of knowledge in the field of frequency sources and raised many young technicians and
engineers. Avi was greatly appreciated and loved by all his peers. Avi made all the
measurements presented in this lecture during the last days of his life.
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APPENDIX — MATHEMATICAL DERIVATION

NB-FM CASE
The general FM signal may be represented as:

X(t) = Cos(w, - t +B-Cos(w,, - t))

But in the NB-FM case we can use some approximation:
£ —0
X(t) ~ Cos(a, -t)+ Sin(w, -t)- #-Cos(am,, 1)

X(t) ~ Cos(a, -t)+%~ B-Sin[(o, +a)m)-t]+%- B-Sinf(, -, )-t]
The side-bands of this signal are:
SideBand[dBc] = 20- Log(é)

Let us mix two signals, one of which is delayed:
x,(t) ~ Cos(a, -t)+%- B-Sinf(o, +a)m)~t]+%~ B-Sinf(e, - @, )-1]
) = Coslo, (¢~ o)+ 2 p-Sinf(w, +0,)- (=) 3 5-Sinl(e, - 0,)- (¢ )]

)%t~ f(o-0,-0,)+..

Only the low frequency component (i.e. f (@, —®,—,) is relevant for this case. Collecting all
expressions with the relevant frequency dependence yields:

1 On | | cin @ T
Eﬂ-Cos{(a)l—a)z—a)m)‘t+(a)2+7j z‘} Sln( 5 j

The new side-bands are:

SideBand[dBc] = 20- Log{ﬂ . Sin(a)mz' Tﬂ = SideBand,,;;, +6dB +20- Log{Sin(wmz' TH

elisra:
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@D T

From the above it is clear that when @,, -7 =7 = Sin( ) =1. This means that the new

side-bands will achieve a maximum level of 6 dB above the original level periodically.

WHITE (WEINER) NOISE CASE
The phase of the signal is modeled as a Weiner process:

Where #(u) is a zero mean stationary white Gaussian random process with a variance of o?.

The modulated signal is given by:
gl(t) — ej¢(t)

And its autocorrelation is:

RHl = E[91(t1)"91*(t2) =e ? = eT

The PSD of this signal is given by the Fourier transform of its autocorrelation:

2
o

o’ +(02)2

R() = [Rp(2)-€"d7 =

Let us define another signal that is delayed by a:
92 (t) — ej¢(t*a)

The mixing of the two signals yield a low frequency component of:
0,(t) = ellot-arot]

The autocorrelation of this signal is:
R¢93 — El@g (tl) 93*(t2 )J — ej[¢(t1—a)—¢(t1)—¢(t2—a)+¢(t2)]

~ { e if |t,—t|>a
93 —

R =\ genl it f,—t<a

Let us adopt the following notation. The delay between the two signals is the parameter a. The
difference used for the autocorrelationis 7 =t, —t, .

Microwave Division 45 Mt
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e“’za if |Z'|>a
e if |f]<a

R,s(@,a)= FT{

Calculating the Fourier Transform yields:

20°

% 267 . 2e :
Ros(@) =€ " 5(w) -— ~S|n(a)a)+m~[—az-Cos(a)a)+a)-8|n(a)a)]+04+w2

Note that in the body of application note, the parameter a was replaced by 7.

elisra:
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